Cyclic nucleotide second messengers are increasingly implicated in prokaryotic anti-viral 13 defence systems. Type III CRISPR systems synthesise cyclic oligoadenylate (cOA) upon 14 detecting foreign RNA, activating ancillary nucleases that can be toxic to cells, necessitating 15 mechanisms to remove cOA in systems that operate via immunity rather than abortive 16 infection. Previously, we demonstrated that the Sulfolobus solfataricus type III-D CRISPR 17 complex generates cyclic tetra-adenylate (cA4), activating the ribonuclease Csx1, and showed 18 that subsequent RNA cleavage and dissociation acts as an "off-switch" for the cyclase activity 19 (Rouillon et al., 2018). Subsequently, we identified the cellular ring nuclease Crn1, which 20 slowly degrades cA4 to reset the system, and demonstrated that viruses can subvert type III 21 CRISPR immunity by means of a potent anti-CRISPR ring nuclease variant. Here, we present 22 a comprehensive analysis of the dynamic interplay between these enzymes, governing cyclic 23 nucleotide levels and infection outcomes in virus-host conflict. 24 25 26 49 50
Introduction

27
CRISPR systems are widespread in archaea and bacteria, providing adaptive immunity 28 against invading mobile genetic elements (MGE) (Sorek et al., 2013 , Makarova et al., 2020 .
29
Type III CRISPR systems (Figure 1 
90
Whilst the control of cOA synthesis by target RNA binding and cleavage is now understood 91 reasonably well, the full implications of cOA generation in a virally-infected cell are not. This 92 requires a detailed knowledge of the levels of cOA produced, consequences for antiviral 93 defence enzymes and the effects of cOA degrading enzymes from cellular and viral sources.
94
These were the aims of our study.
95
Signal amplification on cA4 production 96 We first investigated the extent of signal amplification that occurs in a cell from detection of a 97 single viral RNA and generation of the cA4 second messenger. Using the S. solfataricus type 98 III-D CRISPR effector, we varied the concentration of target RNA and quantified the resultant 99 cA4 production. As previously observed (Rouillon et al., 2018) , increasing the target RNA 100 concentration resulted in increased cA4 production ( Figure 2 ). Quantification of the 101 concentration of cA4 generated was accomplished by using a-32 P-ATP and quantification of 102 products using a phosphorimager in comparison to standards (Figure 2-figure supplement 1), 103 as described in the methods. We observed that approximately 1000 molecules (980 ± 24) of 104 cA4 were generated per molecule of RNA, over a range of 10-100 nM target RNA (Figure 2 ).
105
When a poorly-cleavable target RNA species containing phosphorothioates was used as the 106 substrate, the amount of cA4 generated increased approximately 3-fold (3100 ± 750, Figure   107 2), confirming the important role of RNA cleavage for deactivation of the cyclase domain 108 (Rouillon et al., 2018 , Nasef et al., 2019 .
109
Given that S. solfataricus cells are cocci with a diameter of approximately 0.7 µm, the volume 110 of an average cell can be calculated as approximately 0.3 fL (by comparison, E. coli has a cell 111 volume of 1 fL (Kubitschek & Friske, 1986) The cA4 second messenger binds to CARF family proteins to elicit an immune response. To 146 understand the concentration of cA4 required to activate an antiviral response, we determined 147 the dissociation constant of the major ancillary ribonuclease Csx1 for the cA4 activator. Using 148 radioactive cA4, we titrated an increasing concentration of Csx1 protein and subjected the 149 mixture to native gel electrophoresis ( Figure 3A 
152
We proceeded to estimate the binding affinity of a ribonuclease-deficient Csx1 variant for its 
171
The data is fitted to an exponential equation and error bars show the standard deviation of the mean of 172 three technical replicates.
174
Kinetic and equilibrium constants of the ring nucleases Crn1 and AcrIII-1
175
We have previously established that Crn1 cleaved cA4 at a rate of 0.089 ± 0.003 min -1 at 50 176 °C, while AcrIII-1 cleaved cA4 at a rate of 5.4 ± 0.38 min -1 , about 60-fold faster (Athukoralage We entered the experimentally determined kinetic and equilibria parameters into the KinTek
196
Global Kinetic Explorer software package and generated a model to simulate RNA 197 11 degradation by Csx1 and the effects of ring nucleases over time ( Figure 6A and Table 1 ). We 198 first examined RNA cleavage by Csx1 in the presence of 6, 60 or 600 µM cA4 (equivalent to 199 low, medium and high levels of infection). In all cases, the input RNA (100 µM) was almost 200 fully cleaved by 48 h, suggesting that unregulated Csx1 activity could result in cellular stress 201 ( Figure 6-figure supplement 1 ). Under these conditions, Csx1 was fully activated regardless 202 of the simulated level of infection due to its high affinity for cA4 -a situation that might not be 203 favourable in vivo. Next we evaluated the effect of the cellular ring nuclease Crn1 in the model.
204
In agreement with biochemical assays in which Crn1 was able to deactivate Csx1 by illustrates that the level of AcrIII-1 required to attenuate antiviral signaling is governed by the 225 concentration of cA4 generated during the immune response. Therefore, during infection, a 226 positive correlation between AcrIII-1 concentration and viral transcript levels would be required 227 for continued escape from type III CRISPR defence -a reasonable assumption.
228
Further, by varying the concentration of enzymes involved in the antiviral signalling pathway,
229
we examined the effects of increasing Csx1 and the subsequent burden on Crn1 and AcrIII-1 230 to downregulate its activity. In particular, we found that 1 µM AcrIII-1 alongside 10 µM Crn1 
301
Cellular and viral ring nucleases reset the system in fundamentally different ways 302 Biochemical comparison of Crn1 and AcrIII-1 revealed that both enzymes bind cA4 with 303 dissociation constants around 40 nM, around 10-fold tighter than observed for Csx1. However,
17
Crn1 is a much slower enzyme. Kinetic modelling of the antiviral signalling pathway confirms 305 that Crn1 is effective only at low levels of viral gene expression, where it has the potential to 306 neutralise the toxicity associated with cA4 activated ribonucleases to offer a route for cell 307 recovery without abrogating immunity. In contrast, the much faster reaction kinetics of the anti-
308
CRISPR ring nuclease means it can rapidly deactivate Csx1 and immunosuppress cells even 309 under very high RNA target (and thus cA4) levels.
310
Our modelling suggests that the rapid turnover of cA4 by AcrIII-1 over a wide concentration 311 range greatly limits RNA cleavage by deactivating defence enzymes. Therefore, the 312 deployment of AcrIII-1 upon viral infection may not only promote viral propagation but also 313 safeguard cellular integrity until viral release by lysis. Recent studies have uncovered that 314 sequentially infecting phage evade CRISPR defences by exploiting the immunosuppression 315 achieved by Acr enzymes from failed infections (Borges et al., 2018 , Landsberger et al., 2018 .
316
Further, these immunosuppressed cells have been shown to be susceptible to Acr-negative 317 phage infections, highlighting the complex ecological consequences of supressing CRISPR 318 immunity (Chevallereau et al., 2019) . In Sulfolobus Turreted Icosahedral virus (STIV), the 319 AcrIII-1 gene B116 is expressed early in the viral life cycle (Ortmann et al., 2008) . Therefore
320
AcrIII-1 accumulation in the cell, possibly from early expression by unsuccessful viruses may,
321
as our models demonstrate, favour the success of latter viral infections. Type III CRISPR 322 systems also conditionally tolerate prophage (Goldberg et al., 2014) , and unsurprisingly,
323
AcrIII-1 is found in a number of prophages and integrative and conjugative elements. In these 324 cases, constitutively expressed AcrIII-1 may further immunocompromise cells, and sensitise 325 them to infection by phage otherwise eradicated by type III CRISPR defence. In the ongoing 326 virus-host conflict, while increasing Csx1 concentration may allow better immunity when faced 327 with AcrIII-1, upregulating AcrIII-1 expression in cells will undoubtedly offer viruses an avenue 328 for counter offence.
329
It should be noted that the type III CRISPR locus of S. solfataricus contains a number of CARF 330 domain proteins and their contribution to immunity has not yet been studied. In particular, the 331 18 CARF-family putative transcription factor Csa3 appears to be involved in transcriptional 332 regulation of CRISPR loci, including the adaptation and type I-A effector genes, when 333 activated by cA4 (Liu et al., 2015 , Liu et al., 2017 . These observations suggest that the cOA 334 signal may transcend type III CRISPR defence in some cell types by activating multiple 335 defence systems. However, by degrading the second messenger, AcrIII-1 has the potential to 336 neutralise all of these. 
353
The balance between immunity, abortive infection and successful pathogen replication is likely 
378
The TLC plate was placed in a sealed glass chamber pre-warmed at 37 °C containing 0. Generation of a-32 P-ATP standard curves 385 cA4 synthesis was visualised by incorporation of 5 nM a-32 P-ATP added together with 0.5 mM 386 ATP at the start of the reaction. Therefore, to calculate the concentration of ATP used for cA4 387 synthesis, a-32 P-ATP standard curves were generated in duplicate, starting with 5 nM a-32 P- dimer) on ice for 15 min before gel electrophoresis as described above but at 300V and at 4 431 °C. cA4 binding by AcrIII-1 was examined by incubating ~10 nM radiolabelled SsoCsm cA4 432 with SIRV1 gp49 H47A (0.001, 0.01, 0.02, 0.03, 0.04, 0.05, 0.06, 0.08, 0.10, 1.0, 10.0, 20.0 433 µM protein dimer) for 10 min at 25 °C before gel electrophoresis at 30 °C as described above. 434
For analysis densiometric signal corresponding to cA4 bound protein was quantified. The 435 densiometric count corresponding to cA4 bound to 20 µM Csx1 dimer was used to represent 436 100% binding and densiometric counts from other lanes were normalised to this value within 437 each replicate. Error of the 100% bound (20 µM Csx1 dimer) densiometric count was derived 438 by calculating the area adjusted count for each replicate and then the standard deviation of 439 their mean, reporting the standard deviation as a fraction of the mean set as 100% bound.
22
Single turnover kinetics of RNA cleavage by Csx1
441
Single turnover kinetic experiments were carried out by incubating Csx1 (2 µM dimer) with A1 442 RNA (50 nM) in the presence of cA4 (20 µM) in Csx1 buffer at 50 °C. This temperature was 443 set somewhat below the normal growth temperature of Sulfolobus (75 °C) to allow rate 444 calculations, consistent with previous studies (Athukoralage et al., 2018, Athukoralage et al., 445 2020). Control reactions with no protein and with protein and RNA in the absence of cA4 were 446 included. 10 ul reaction aliquots were quenched by adding to phenol-chloroform and vortexing 447 at 15 s intervals up to 2 min and at 3, 4, 5, 6, and 8 min. Deproteinised products were run on 448 a 7 M urea, 20 % acrylamide, 1 X TBE gel at 45 °C as previously described (Rouillon et al., 449 2019), and phosphorimaged overnight at -80 °C. Experiments were carried out in triplicate.
450
For analysis the fraction of substrate RNA cut compared to the RNA only control was plotted 451 and fitted to an exponential rise equation as previously described (Rouillon et al., 2019) . Simulations were carried out varying cA4 concentration (6, 60 and 600 µM) while Csx1, Crn1 467 (Sso2081) and AcrIII-1 concentration was fixed at 1 µM dimer, or varied depending on the 468 simulation, with total substrate RNA in the cell fixed at 100 µM. 469 470 
471
CRISPR RNA A26 is shown 3' to 5'. Phosphorothioate linkages are indicated with an asterisk.
472
Regions complementary to CRISPR RNA A26 are italicized.
473
CRISPR RNA A26 3'-GCAACAATTCTTGCTGCAACAATCTTCAACCCATACCAGAAAGUUA
Name
Sequence ( 
